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EMCal module componets
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diamond fly cut end

Module 1 and Module 2 in process

Module 1 Module 2
Currently filled with tungsten powder 
and will be epoxied this afternoon.
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SEM of tungsten powder

fiber assembly before filling

screens



EMCal structure
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Rin = 0.90 m 

SiPM readout/electronics/cooling



what are our specs?
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Detector Design Electromagnetic Calorimeter

The design goal is to optimize the electron identification efficiency with respect to the1791

pion rejection by the calorimeter energy matching condition. As in the photon case,1792

central Au+Au collisions are the most challenging environment and drive the detector1793

specifications. The physics requirement is to be able to have sufficient statistical precision1794

to measure the suppression of the three U states separately.1795

4.2 Detector Design1796

4.2.1 Design Requirements1797

The design requirements for the sPHENIX electromagnetic calorimeter are based on the1798

physics requirements described in the previous section. The calorimeter will play a1799

major role in both the measurement of jets and single photons out to high pT, as well as1800

identifying and measuring the energies of the electrons from U decays. In addition, the1801

calorimeter must fit inside the BaBar magnet and allow space for the tracking system that1802

will reside inside the calorimeter. The calorimeter should also be as compact as possible in1803

order to minimize the overall size and cost of the hadronic calorimeter. The basic detector1804

design requirements can be summarized as follows:1805

• Large solid angle coverage (± 1.1 in h, 2p in f)1806

• Moderate energy resolution ( 15%/
p

E)1807

• Fit inside BaBar magnet1808

• Occupy minimal radial space (short X0, small RM)1809

• High segmentation for heavy ion collisions1810

• Minimal cracks and dead regions1811

• Projective (approximately)1812

• Readout works in a magnetic field1813

• Low cost1814

The requirement for large solid angle coverage is driven by the need to accumulate high1815

statistics for measuring jets and single photons out to the highest pT possible in an unbiased1816

way using full jet reconstruction over the entire central rapidity region. The requirement1817

for the energy resolution is determined by achieving the best resolution possible consistent1818

with the contribution to the energy resolution from the underlying event in central heavy1819

ion collisions. The energy from the underlying event also requires the tower size to be1820

88

from the CDR:



EMCal prototype cheat sheet

• 2016 prototype: 1D projective, analysis finished: 1704.01461, 64 
towers/32 blocks 

• 2017 prototype: 2D projective (first time ever) high η blocks, 
analysis well underway, 64 towers, 16 blocks 

• 2018 prototype (v2.1): 2D projective high η blocks, building this 
summer, testing February/March 2018, 64 towers, 16 blocks 

• pre-production prototype: 2D projective, full η coverage, 2π / 32 in 
Φ, no beam test, building fall/winter 2017-2018, 384 towers / 96 
blocks

5



2016 prototype

• 1D projective towers 
• 2 towers / block 
• trapezoidal lightguides with 4 SiPMs / tower

6

test beam paper:1704.01461
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longitudinally, placed in the mold, and tilted to form the taper
in one dimension. Tungsten powder is poured uniformly into
the mold and then epoxy is poured into the tungsten-fiber
matrix. To aid the flow and distribution of epoxy, a light
vacuum is applied to the mold at the UIUC production site,
while THP used a centrifuge to distribute the epoxy. After
24 hours, the SPACAL block is released from the mold. The
blocks are first trimmed with carbide tipped cutters and then
with diamond tipped ones. This allows the ends of the blocks
to be cut without degrading the light output of the fibers.

TABLE I
EMCAL BLOCK COMPONENT MATERIALS

Material Property Value
Tungsten powder THP Technon 100 mesh

particle size 25-150 µm
bulk density (solid) � 18.50 g/cm3

tap density (powder) � 11.25 g/cm3

purity � 95.4% W
impurities ( 5 percent) Fe, Ni, O2, Co,

Cr, Cu, Mo
Scintillating fiber Kuraray SCSF78

(single cladding, blue)
Epoxy EPO-TEK 301

B. Light Collection

Fig. 4. Relative light collection efficiency for the light guide and SiPM
assembly with respect to the input fiber position in X-Y.

The EMCal light guide is a machined acrylic trapezoidal
prism that fully covers one tower of the W/SciFi two-tower
block (2.64 ⇥ 2.36 cm2) and transitions over a 2.54 cm height
to an area (1.4 ⇥ 1.4 cm2) to accommodate a 2 ⇥ 2 array of
SiPMs. The light guides are epoxied to the thin end of the
two-tower block. Four SiPMs, mounted on an EMCal preamp
PCB board, are used to read out the block. The SiPMs are
coupled to the light guide using GE Silicones RTV615 [15].

To measure the overall efficiency of the light guide, one
tower of a W/SciFi block is optically coupled to a 2 inch
window photomultiplier tube (PMT). The PMT window fully

covers the readout surface of the block, and the readout
end of the tower is masked. The ADC distribution arising
from cosmic rays is measured with trigger counters above
and below the block. An acrylic light guide is then optically
coupled between the block and the PMT, and the measurement
is repeated. Relative to the directly coupled measurement,
the light guide measurement yields 71% of the light, which
represents the overall efficiency of the light guide.

To map the uniformity of the light guide, a UV-pulse-excited
scintillation fiber is scanned through the input end of the light
guide and the response is read out using an array of 2 ⇥ 2
SiPMs and preamplifier as in the prototype. The measured
relative collection efficiency with respect to the input fiber
position in X-Y is shown in Figure 4. The center of the area
bounded by the four SiPMs is offset from the cneter of the
light guide, causing the asymmetry of the collection efficiency
with respect to the center of the light guide. Throughout the
input cross section of the light guide, ⇠ 30% relative variation
is observed, which leads to ⇠ 20% position dependent energy
response variation for electromagnetic showers as discussed in
Section VII.

C. Assembly
After the blocks are produced at THP and UIUC, they are

assembled at BNL prior to shipping the completed EMCal
protoype to Fermilab for the test beam. The blocks are first
epoxied together into rows of eight towers in a gluing fixture,
which aligns the front readout surface of the blocks in a
single plane. Two layers of Vikuiti ESR reflective film [16]
are then epoxied to the back surface of each of the rows.
Light guides are epoxied to the front surface of the row. The
preamplifier board, which carries four SiPMs per tower, is
used to align the light guides on the towers. The SiPMs are
optically coupled to the light guides, and the board carrying
the SiPMs is mechanically secured by a screw to the center of
each light guide, as shown in Figure 5. Eight rows of EMCal
blocks are stacked and placed in a light-tight enclosure box.
The preamplifier heat output is 2.5 W/board, necessitating an
active cooling system. A blower is used to drive air through the
enclosure box, providing sufficient cooling for the preamplifier
and SiPM.

Fig. 5. A row of four EMCal blocks with light guides and preamp board
on the left. Among them, one of the blocks and its two light guides are
highlighted and displayed separately on the right side.
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Fig. 21. Cluster energy distribution of electron showers in the EMCal (blue points), for which the beam incident angle is 10 degrees and a 0.5 ⇥ 0.5 cm2

beam cross section is selected at the center of one EMCal tower. The central tower and most near-by tower are produced at UIUC. For each panel, data for
one choice of beam energy is selected as shown in the title, and the energy resolution prior to unfolding a beam momentum spread (�p/p ⇡ 2%) is extracted
with a Gaussian fit at the electron peak (red curve). Low energy tails stemming from multi-particle background are excluded from the fit.
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Fig. 22. Linearity and resolution of electron showers in EMCal towers produced at UIUC and THP, for which a 1.0 ⇥ 0.5 cm2 beam cross section is selected
at the center of one EMCal tower. The beam incident angles are 10 degrees (blue) and 45 degrees (red). Data (points) are fit with linear (left solid curves) and
�E/E =

p
a2 + b2/E function with results labeled on plot (right solid curves), which are compared with simulation (dashed curves). A beam momentum

spread (�p/p ⇡ 2%) is unfolded and included in the resolution.

For both Figure 22 and 24, the linearity response at an incident
angle of 45 degrees is approximately 10% higher than at
10 degrees. This difference is expected, since at larger angles,
the total energy of the shower is contained more in the narrow
end of the SPACAL towers where the fiber density, and hence

the sampling fraction is higher. For 2-3 GeV beam energies,
the linearity deviates slightly from the perfect linearity due to
the uncertainty in the actual beam energy from the nominal
beam energy setting. This variation was also observed with the
Pb-glass calorimeter. At higher energies, the measured energy

EMCal energy resolution & linearity
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center of tower (selected via hodoscope)

• similar performance between industry at Illinois built blocks 
• resolution better than our requirements 

• larger tilt angles → shallower showers 
• deviations from linearity  in part due to beam energy shifts from nominal 

values



position dependence of energy scale

• sources: 
• lightguide 

inefficiency near 
edges 

• gaps in fibers 
between towers?
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position dependence of energy scale
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EMCal energy resolution & linearity
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after application of position correction

energy resolution ~15% / √E after 
correction for Illinois blocks
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Fig. 23. Cluster energy vs. vertical hodoscope in the EMCal towers produced at UIUC before and after the position-dependent energy correction is applied.
The beam energy shown is 12 GeV with an incident angle of 10 degrees. Data is shown prior to unfolding a beam momentum spread (�p/p ⇡ 2%).
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Fig. 24. Linearity and resolution of electron showers in EMCal towers produced at UIUC and THP, for which a 2.5 ⇥ 2.5 cm2 beam cross section is selected
and matches the area of one EMCal tower. The beam incident angles are 10 degrees (blue) and 45 degrees (red). Data (points) are fit with linear (left solid
curves) and �E/E =

p
a2 + b2/E function with results labeled on plot (right solid curves). A beam momentum spread (�p/p ⇡ 2%) is unfolded and

included in the resolution.

deviates systematically below the nominal beam energy due
to back leakage from the calorimeter modules.

An important function of the EMCal in sPHENIX is to
provide electron identification and hadron rejection for charged
tracks via a minimal E/p cut. As shown in Figure 25, the
hadronic component of the test beam that is spread over an
area of 2.5 ⇥ 2.5 cm2 is selected to quantify the hadron
rejection in the prototype, which is compared with various
simulation tunes of GEANT4 physics lists [26] and Birks’
constant for scintillator non-linearity [27]. The hadronic beam
particles are selected by requiring no activity in the beam-line
Cherenkov detectors, which are tuned to produce Cherenkov
signals on electrons but not on hadrons. Based on Figure 14,
the expected muon component in the beam is simulated
and statistically subtracted from the cluster energy spectrum.
The resulting EMCal cluster energy spectrum for hadrons is

integrated from various cut values to the maximum energy in
order to estimate the number of hadron events with cluster
energy larger than the cut. Its ratio to the total number of
hadron events is plotted as inverse of the hadron rejection
versus minimal cluster energy cut in Figure 25. This hadron
sample contains mainly ⇡

�. The kaon content is expected to be
very small, about 1% of beam content at higher momenta (20-
30 GeV/c) [24], and lower at lower momenta (4-12 GeV/c)
due to the decay of kaons in flight. Nevertheless, for the
completeness of the study, both ⇡

� and K

� are simulated
and compared with the data. The result with beam momentum
of 8 GeV/c is shown in Figure 25 as a typical result, while
this study is performed in a negatively charged hadron beam
momenta of 4, 8 and 12 GeV/c. All simulation tunes repro-
duce the rejection for rare high energy hadronic showers in
the EMCal within a factor of two. Meanwhile, the simulation



2017 prototype
• 2D projectivity, close to the final design 

• blocks are 2x2 towers → ~twice as large as in 2016 prototype 

• longest step is filling the fibers into meshes 

• holes don’t line up because of the projectivity so we developed a 3D printed spacer setup to 
funnel the fibers through; supported with a solo cup 

• 3D printed molds to cast the blocks

11



boundary effects
• one goal of the 2017 prototype was to figure out if the dominate position 

dependence was the block boundaries or the the tower boundaries 
• full scan of the calorimeter face with 8 GeV electrons

12

Electromagnetic Calorimeter Prototyping and R&D

Figure 4.25: Average energy response for an 8 GeV electron as a function of the position
of the center of the shower on the face of the calorimeter. The electrons trajectories are
perpendicular to the face of the calorimeter. The vertical and horizontal lines show the tower
boundaries.

The block boundaries are the major focus of further development to the block design.2149

Based on the prototype results the following changes are being made to the EMCal design:2150

• The blocks are being made slightly non-projective in h and f to reduce the effect of2151

the block boundaries on the calorimeter response. This follows the designs used in2152

several previous two dimensionally projective calorimeters such as CLEO=II [137].2153

• The fibers are being pinched in at the readout side of the block (see Figure 4.6).2154

• The block mechanical support on the non-readout side of the block is being improved2155

from the large drilled hole in the block itself to something that is better for the light2156

collection uniformity. An example of a support scheme under consideration is the2157

embedded threaded holes shown in Figure 4.29 or an epoxy layer between the2158

mechanical support and the block itself.2159

4.4.2 Related R&D2160

A number of tests of 1D projective tungsten-scintillating fiber modules have been carried2161

out by the UCLA Group [130, 131] which pioneered the development of the tungsten2162

powder SPACAL calorimeter; their measurements are consistent with our observations.2163

113

Zhaozhong Shi (MIT)

Prototyping and R&D Electromagnetic Calorimeter

Figure 4.26: Average energy response for an 8 GeV electron as a function of the position
of the center of the shower on the face of the calorimeter. The electrons trajectories are 10
degrees off perpendicular incidence to the face of the calorimeter. The vertical and horizontal
lines show the tower boundaries.

Figure 4.27: Linearity (left) and energy resolution (right) of the 2017 prototype where the
shower is centered within a block (minimizing the effect of the block boundaries).

114

normally incident beam 10 deg rotation

clear effect of block & tower boundaries, block boundaries larger effect



energy resolution
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Electromagnetic Calorimeter Prototyping and R&D
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Figure 4.28: Linearity (left) and energy resolution (right) of the 2017 prototype.

Figure 4.29: (left) EMCal block produced with threaded holes embedded in the tungsten and
epoxy on the non-readout side of the block. (right) The same block with a metal plate with
attached support rod.
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Joe Osborn

including all 
response 
variations

position 
dependence 

correction

dramatic reduction in constant term with the position 
dependent correction



causes of position dependence
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Readout (small)  end

19                           20                           21                           22

Tower 21

Tower 45

Block ID#:
Density (g/cc):

• This shows a photo collage of the of the 
blocks that were in the EMC3 prototype. 
(The collage of square images makes the gaps between 
blocks appear larger than they actually are.) 

• All blocks were drilled and tapped before 
assembly into the prototype.

1 block; 4 towers

dead tungsten border around blocks

shadow of drilled support 
hole in the back of blocks

reduced light collection near the edge 
of lightguides



improvements to position dependence
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Readout (small)  end

19                           20                           21                           22

Tower 21

Tower 45

Block ID#:
Density (g/cc):

• This shows a photo collage of the of the 
blocks that were in the EMC3 prototype. 
(The collage of square images makes the gaps between 
blocks appear larger than they actually are.) 

• All blocks were drilled and tapped before 
assembly into the prototype.

1 block; 4 towers

focus on QA of blocks and tolerances, slight non-projectivity

support the blocks in a 
less invasive manner 
(investigating epoxy)

bring the fibers in from the edges at 
the block (and tower?) boundaries



mold improvements for 2018 prototype

• moved from 3D printed to machined delrin molds 
• machining provides better adherence to block dimensions and 

repeatability 
• better screen positioning within the block 
• both of these allow fibers to be closer to the edge of the blocks 
• only the top of the block and ends are machined (“bathtub” mold) 

the other sides are defined by the mold 
• this was philosophy behind the 2016 prototype construction where 

the fiber positioning was better than in 2017

16



Electromagnetic Calorimeter Detector Design

Parameter Units Value

Inner radius (envelope) mm 900
Outer radius (envelope) mm 1161
Length (envelope) mm 2 ⇥ 1495 = 2990
tower length (absorber) mm 144
Number of towers in azimuth (Df) 256
Number of towers in pseudorapidity (Dh) 2 ⇥ 48 = 96
Number of electronic channels (towers) 256 ⇥ 96 = 24576
Number of SiPMs per tower 4
Number of towers per module 2 ⇥ 8 = 16
Number of modules per sector 24
Number of towers per sector 384
Number of sectors 2 ⇥ 32 = 64
Sector weight (estimated) kg 326
Total weight (estimated) kg 20890
Average sampling fraction 2.3%

Table 4.1: Key parameters of the EMCal

Figure 4.2: Drawings showing the projectivity of the EMCal blocks along the beam direction
(left) and in f (right).

rapidity. The four 2 ⇥ 2 blocks within a module are epoxied together and the modules are1878

placed side by side in order to minimize any dead material. The blocks are attached to a1879

support plate at the back using small screws. The plate is then attached to the rail system1880

which is mounted on the inner surface of the Inner HCal. The entire sector is enclosed in a1881

thin walled stainless steel box that provides overall support and light tightness. Figure 4.41882

shows a cross section of the sector showing the location of the absorber, the light guides,1883

front end electronics and cabling. The towers are read out from the front, inner radius.1884

This allows access to the electronics from inside the magnet through a removable cover on1885

the sector enclosure.1886

91

non-projectivity
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Electromagnetic Calorimeter Detector Design

Parameter Units Value

Inner radius (envelope) mm 900
Outer radius (envelope) mm 1161
Length (envelope) mm 2 ⇥ 1495 = 2990
tower length (absorber) mm 144
Number of towers in azimuth (Df) 256
Number of towers in pseudorapidity (Dh) 2 ⇥ 48 = 96
Number of electronic channels (towers) 256 ⇥ 96 = 24576
Number of SiPMs per tower 4
Number of towers per module 2 ⇥ 8 = 16
Number of modules per sector 24
Number of towers per sector 384
Number of sectors 2 ⇥ 32 = 64
Sector weight (estimated) kg 326
Total weight (estimated) kg 20890
Average sampling fraction 2.3%

Table 4.1: Key parameters of the EMCal

Figure 4.2: Drawings showing the projectivity of the EMCal blocks along the beam direction
(left) and in f (right).

rapidity. The four 2 ⇥ 2 blocks within a module are epoxied together and the modules are1878

placed side by side in order to minimize any dead material. The blocks are attached to a1879

support plate at the back using small screws. The plate is then attached to the rail system1880

which is mounted on the inner surface of the Inner HCal. The entire sector is enclosed in a1881

thin walled stainless steel box that provides overall support and light tightness. Figure 4.41882

shows a cross section of the sector showing the location of the absorber, the light guides,1883

front end electronics and cabling. The towers are read out from the front, inner radius.1884

This allows access to the electronics from inside the magnet through a removable cover on1885

the sector enclosure.1886

91

total width is 48 blocks in η, six blocks around η = 0 have the 
same shape → 22 different block shapes

sector: 4 blocks wide in φ, 32 sectors around

slight non-projectivity: 100mrad in azimuth and 150mrad in η

R =10cm

15.5cm

} }

24.15cm



tilted blocks
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5 GeV e+

5 GeV e-

γ

no channeling for photons or electrons 



unifying the light collection
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first test block of the 2018 prototype design

(download the slides to see the pictures better)

fibers very close to edge 
(being quantified)

back front (readout side)

fibers brought in from edges with 
a small taper



unifying the light collection
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first test block of the 2018 prototype design

(download the slides to see the pictures better)

front (readout side)

fibers brought in from edges with 
a small taper

common footprint for the 
lightguide also allows a common 

shape for all 22 block shapes 
significant savings on molds and 

complexity

investigating whether a tower 
boundary taper can be added



light guides & readout
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2017 prototype used 2 types of lightguides: 
quad injection molded 1” tall 

2” tall single machined  
both read out with 4 SiPMs / tower

machined lightguides are too expensive & the injection molded had a large quality variation & 
high rejection rate 

neither solution seen as reasonable 
simulations over the summer suggest that the trapezoid shape is optimal for our readout



2018 lightguides

• optical injection molded single light guides 
• tapered fibers allow a single lightguide shape to be used for all 

lightguides 
• good since the cost for the mold is ~$17k 
• company: Precision Engineered Products 
• going to order these very soon.
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2018 prototype construction

• dry run of mass production techniques for the final detector 

• undergrad fiber filling and QA development ongoing 

• developing powder QA at Illinois 

• bucket by bucket (50-100 lb quantities) density measurements  

• mean 10.96 g/cm3, std deviation 1.2% 

• fibers:  

• 2016 & 2017 prototypes used Kurrary fibers 

• 2018 prototype switched to Saint Gobain 

• better price, nominally the same product, to be delivered to 
Illinois this week

23

powder density by bucket



production facility at Illinois
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clearing extra space for the larger scale production



tungsten
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enough powder on hand for 2018 prototype, with additional order in 
process have enough for full sector prototype as well 



timeline
• summer: build blocks for 2018 (v2.1) prototype 

• materials in had except for the fiber expected this week 

• ship to BNL for assembly for February/March 2018 beam test 

• late summer & fall: 

• fill fiber assemblies for full sector prototype 

• fall and winter: cast blocks for full sector prototype 

• this will not be tested in beam 

• firm up production schedule: 

• EMCal block production is the critical path for sPHENIX 

• demonstrate that the tolerances can be consistently met and arrange blocks 
into the sector casing (BNL, winter)
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simulations
• populating the entire detector with a design consistent with the 2018 prototype: Jin Huang 

• clusters reconstructed with the sPHENIX clustering software 

• this clustering just adds adjacent energy 

• single photon simulations 

• use measured position dependent light collection efficiency 

• correct for it using the same techniques as in the prototype 

• much progress on the last few weeks
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All	Energy	Resolutions
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Joe Osborn



energy responses: EMCal & Inner HCal
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Correlations	with	inner	HCal
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From	previous	
simulations	
meeting

From	new	single	
particle	simulations

• Saw	correlation	with	energy	
deposited	into	inner	HCal last	
time	due	to	tunneling

• Still	see	similar	correlation.	Additionally	
see	photons	that	are	well	reconstructed	
in	the	EMCal deposit	energy	into	the	
HCal.	Shower	leakage?

4
bulk of the clusters 

EEMCal ~ Etruth

first look at single photon simulations

energy leaks from EMCal into inner HCal

clusters with lower than expected energy, 
some of this from 1 photon → >1 cluster

expected EMCal energy + extra inner HCal energy  
under investigation

Joe Osborn



summary

• good performance of 2016 & 2017 prototypes 
• 2017 prototype was the first 2D projective tungsten powder Spacal 
• 2018 has targeted improvements in design and emphasis on QA 

and consistency in the production process 
• leads into full sector (96 block) prototype for construction in FY18 

• good progress on the simulation in a very short time 
• single particle results are ~as expected 
• more manpower needed 
• HI simulations are in progress but would be helped by more 

manpower
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